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TRANSADMITTANCE AND FILTER HAVING
A GAIN FUNCTION

This application claims the benefit of priority from U.S.
provisional applications having Ser. Nos. 61/026,597 and

61/026,571, filed Feb. 6, 2008, the disclosures of which are
incorporated herein by reference 1n their entirety.

BACKGROUND

The present invention relates to equalizers having pro-
grammable frequency response. In particular, it relates to a
programmable equalizer that avoids switched resistor/capaci-
tor (RC) networks that previously were prevalent 1in the art by
providing a transadmittance amplifier 1n lieu of the switched
RC network.

Programmable filters are known that include a switched
network of resistors (FIG. 1) and capacitors (FIG. 2) that are
switched 1n and out of the filter circuit depending upon the
frequency response desired from the filter, (FIG. 3 and FIG. 4,
respectively). A RC network may include a voltage divider
circuit that includes a number of resistors (e.g., 2 or more)
with intermediate nodes provided between them that are
coupled to output terminals via selection switches. Depend-
ing on the frequency response desired, a desired selection
switch or switches are rendered conductive to couple the
desired node to the output through a desired amount of con-
ductance. Similarly, the RC network may include a large
number of capacitors each coupled to the output node via
respective selection switches. The capacitor selection
switches may be rendered conductive selectively to tune the
overall capacitance of the RC network to a desired level.

The various switches typically are provided by MOSFET
transistors. The MOSFFET transistors, however, each intro-
duce some resistance and capacitance to the RC network
because they are not perfect devices. Generally, the ON resis-
tance of the MOSFET switch 1s lower for larger MOSFET
transistors. However, as the MOSFET switch 1s made larger,
its device capacitances also increase, (€.g., Cotr Coss Caps and
C_,). This leads to a dilemma because the higher OFF capaci-
tance affects the high frequency gain of the filter. This can
ultimately limit the performance of the filter. The parasitic
capacitance of the MOSFET when switching resistors, and
the parasitic resistance of the MOSFET when switching
capacitors, adversely effects filter performance.

The following discussion will build on aspects of a high-
pass filter, as shown 1 FIG. 5, since this form 1s most com-
monly used 1n equalizers designed to compensate the typi-
cally low-pass nature of a communication channel’s physical
media. It will be immediately apparent to one schooled in the
art that the methods and embodiments described herein may
be advantageously applied to low-pass, bandpass and other
filter and circuit forms.

FIG. 5 shows the canonical implementation of a high-pass
filter in single-ended form. FIG. 6 1s a well known differential
version of this high-pass filter. The solid curves 1n FIG. 4 and
FIG. 3 (curves 330 and 430 respectively), depict the magni-
tude of the filter’s transfer function H(s) as a function of
radian frequency, . Throughout the specification, when pos-
sible standard engineering variables are used. For example,
the complex variable “s™ 1

1s the Laplace parameter and has
both real and imaginary parts, 1.e. s=o+jw. The term H(s)
denotes the Laplace transform of a circuit’s impulse response
and 1s also referred to as the transier function. The plots of
transfer function magnitude, |H(s)l, as a function of radian
frequency, m, shown in FIG. 4 and FIG. 3, are known as Bode
plots and describe the mput to output behavior of the high-
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pass circuit for all frequencies.) As a further example, in
response to an mput voltage, Vin, a circuit characterized by
transier function H(s), will produce a voltage at the output,
Vout, equal to Vin*H(s).

As an 1ntroduction, the operation of a filter such as that
shown 1n FI1G. 6. may be understood as follows. The resistors
R1 and the capacitors C conduct current in response to the
input voltages and according to their natures, their relation to
cach other and to other elements of the circuit. These currents
flow to the output nodes, sum, and flow 1n R2, giving rise to
the output voltages. Similar to the prior art of FIG. 2, the
capacitive portion of current tlowing to output node may be
increased or decreased by switching in or out more capaci-
tors, respectively. This gives rise to the change 1n the transier
function, for example, as shown FIG. 4, curves 410 and 420.
Similar to FIG. 1, the resistive portion of the current flowing
to the output node may be increased or decreased by switch-
ing in or out more resistor segments. This causes the change
in the filter transter function show 1n FIG. 3, curves 310 and
320. This change of the transfer function’s magnitude 1n
response to a user supplied input 1s commonly referred to as
tuning the circuit. Such a filter may also commonly be
referred to as programmable and as having a programmable
transier function.

Accordingly, the inventors perceived a need 1n the art for a
filter with programmable frequency response that avoids the
need for elaborate switched RC networks. In particular, there
1s aneed for a filter that omaits transistors from the RC network
altogether.

Furthermore, while differential forms are discussed herein
the described methods and 1nvention are not limited to differ-
ential circuit configurations. The more complex differential
forms described in the exemplary embodiments are an exten-
sion of the methods and invention that are applicable to
single-input or multiple input forms and are within the capa-
bility of one of ordinary skill in the art after understanding the
following disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a method of prior art using switched
resistor segments for varying the transfer function of a high-
pass lilter.

FIG. 2 illustrates a method of prior art using switched
capacitor segments for varving the transfer function of the
high-pass filter.

FIG. 3 illustrates a response of a transfer function of a high
pass filter that varies according to the circuit depicted in FIG.
1.

FI1G. 4 1llustrates a response of a transier function of a high
pass filter that varies according to the circuit depicted in FIG.
2.

FIG. 5 illustrates a canonical single-ended form of high-
pass lilter.

FIG. 6 1llustrates a differential form of the high-pass filter
as 1llustrated 1n FIGS. 1 and 2.

FI1G. 7 illustrates the use of a transadmuittance stage accord-
ing to a single-ended embodiment of the present invention.

FIG. 8 illustrates the use of a transadmaittance stage accord-
ing to a differential embodiment of the present invention.

FIG. 9 illustrates a circuit according to an embodiment of
the present invention.

FIG. 10 illustrates a block diagram according to another
exemplary embodiment of the present invention.

FIG. 11 illustrates a transadmittance stage of the circuits of
FIGS. 1 and 2 according to exemplary embodiment of the
present invention.
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FIG. 12 illustrates another transadmittance stage 1n more
detail according to exemplary embodiment of the present
invention.

FIG. 13 illustrates another transadmittance stage having a
controlled common-mode bias point for improved circuit
properties according to yet another exemplary embodiment
of the present invention.

FI1G. 14 1llustrates an exemplary single-ended embodiment
according to the present invention.

DETAILED DESCRIPTION

To overcome the problems associated with the parasitic
resistance and capacitance, the MOSFET switches or any
other types of switches and the switched resistor or capacitor
clements can be replaced with a transadmittance stage that
generates a current similar to the current that would be gen-
erated by the switched R or C element 1n response to an input
voltage. An aspect of embodiments of the present invention 1s
to reduce the parasitic resistance and parasitic capacitance by
replacing the tuning function of the commonly-used switches
and switched passive elements 1n a circuit.

Embodiments of the present invention relate to a program-
mable filter circuit. The programmable filter circuit includes
an mput terminal, an output terminal, a filter network and a
transadmittance stage. The input terminal receives an input
signal, and the output terminal outputs a filtered signal. The
transadmittance stage, coupled to the mnput terminal, gener-
ates a current at 1ts output based on the recerved input signal.
The output of the transadmittance stage 1s coupled to the
output terminal. The filter network 1s connected to the input
terminal. In one embodiment of a high-pass filter, the filter
network includes a capacitance respectively coupling the
input terminals to output terminals, and a voltage divider
network coupling the mput terminals together. The transad-
mittance stage output terminal are connected to the voltage
divider, and the output terminals of the programmable filter
circuit are coupled to respective intermediate nodes of the
voltage divider network.

Another embodiment of the present invention relates to a
method of tuning the frequency response of a circuit. The
method mncludes sampling differential input voltages. A tran-
sadmittance stage generates differential currents based on the
difference between the differential mnput voltages and based
on an input control signal. The differential input voltages are
applied to an resistive-capacitive network thereby generating
a current 1n the resistive-capacitive network. The differential
currents generated by the transadmittance stage are injected
into a node of the resistive-capacitive network to sum with the
current generated by the network’s elements 1n response to
the differential input voltages. At a first resistance 1n the
resistive-capacitive network, a first voltage 1s sampled, and, at
a second resistance 1n the resistive-capacitive network, a sec-
ond voltage 1s also sampled.

According to the exemplary embodiments, 1t 1s not neces-
sary that the current delivered to the output nodes be devel-
oped by switched resistive or capacitive segments. The
scheme shown 1n FIG. 7 may alternately be used to develop
currents with similar or desired natures to either the capaci-
tors or resistors, such as 715 and 725 and to deliver these
generated currents to the outputs. Additional current shapes
may be synthesized by the transadmittance stage Y(s) 710 to
create other transier functions.

FIG. 7 shows a resistive network coupled between input
and output. To create a high-pass transier function, the Y(s)
stage 710 creates a capadtive current (ID=Vin*Y(s)) in
response to an mmput voltage Vin and directs this current to
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the-output nodes. Similarly, FIG. 8 shows a differential form
of the circuit shown 1n FIG. 7. The resistive components, 801
and 802, correspond to the resistors shown 1n FIG. 6, and 803
can correspond to 2*R2. The transadmittance element, Y(s),
creates a differential current in response to the differential
input voltage, VID, and delivers this current to the output
nodes, Vop and Von. According to an exemplary embodiment
ol the invention, for a range of input voltages, the transadmiut-
tance current can be made substantially equal to the capaci-
tive current generated by the elements C of FIG. 6, such that
some fraction of or all of the elements C may be replaced by
Y (s) (805) and the transfer function of FIG. 4 can be realized.
In as much as switched capacitor segments C2 and C3 of FIG.
2 serve to change the amount of capacitance that appears
between input and output nodes, these elements and their
associated switches may be replaced by the programmable
Y(s) generating a substantially capacitive current while still
realizing the transier function responses shown i FIG. 4.
Furthermore, the magnitude of current produced by Y(s) may
be modulated by a control signal Ko (804) 1n order to change
the amount of capacitance synthesized by Y(s).

It 1s, of course, possible to make the Y(s) current substan-
tially equal to the current produced by a fraction or all of the
resistors 1n FIG. 6, and accordingly replace some fraction of
or all of the resistive elements with the transadmittance Y (s)
and the transier function of FIG. 1 can be realized. In as much
as switched resistor segments R4 and RS 1n FIG. 1 serve to
change the amount of resistive current that flows between the
input and output nodes, these elements and their associated
switches may be replaced by a programmable Y (s) generating
a substantially resistive current while still realizing the trans-
fer function responses shown 1n FIG. 3.

FIG. 9 illustrates a filter circuit 900 according to an
embodiment of the present invention. The circuit 900 may
include mputs 912, 913, a resistive-capacitive (RC) network
920, a transadmuittance stage 930, and filter outputs 942, 943.
The RC network 920 and transadmaittance stage 930 are con-
nected to the inputs 912, 913. The outputs of the RC network
and the outputs 934, 935 of the transadmittance stage 930 are
connected to the filter outputs 942, 943 at nodes 902, 903.

The RC network 920 can comprise capacitive devices 922
and 923, such as capacitors, transistors or other devices that
have capacitance, and resistive devices, 924, 926, 927, and
929, such as resistors, transistors, or other devices that pro-
vide a resistance. The resistive devices 924, 926, 927 and 929
form a voltage divider. The voltage divider 1s connected
across the mputs 912 and 913, and has connections to the
outputs 942 and 943, respectively. The connections of the
voltage divider to outputs 942 and 943 are positioned at a
point in the voltage divider to attenuate low-Irequency input
signals by a predetermined value. Capacitor 922 provides a
bridge between input terminal 912 and filter output 942, and
capacitor 923 provides a bridge between mput terminal 913
and filter output 943.

Transadmittance stage 930 can comprise mputs 932 and
933, an amplifier and outputs 934 and 9335. The transadmiut-
tance stage generates a differential current in response to the
differential voltage applied at the mputs 932 and 933. The
iputs 932 and 933 to the transadmittance stage 930 can be
directly connected to mput terminals 912 and 913, respec-
tively. Transadmittance stage 930 can have an input for a
control signal Ko 936 that allows the gain Ym(Ko,s) of the
transadmittance amplifier to be programmable. The control
signal Ko can be either an analog or digital control signal. The
gain Ym(Ko,s) can be a function of Ko. The outputs 934 and
935 of the transadmittance stage are connected to nodes 902,
903.
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Alternatively, the transadmittance stage 930 inputs 932 and
933 can be connected at intermediate points within an
optional termination block 915. Optional termination block
915 can provide impedance matching for the differential
input voltage on input terminals 912 and 913. In addition,
optional capacitors 918P, 918N can provide AC-coupling for
the transadmittance stage 930, thereby allowing only high
frequency signals to be applied to the transadmittance stage
930. Furthermore, these capacitors may be connected to inter-
mediate nodes 1n the termination block 9135 to deliver a scaled
version of the mput signal to the transadmittance amplifier
930. Reducing the mput dynamic range the transadmaittance
stage supports can simplify the design. An input signal 1s
input across mputs 912, 913. For difterential circuit forms 1n
general and for the circuit shown 1n FIG. 9, the voltage dii-
terence between the input voltages 1s commonly referred to as
the differential input voltage, Vid. That 1s, Vid=Vp-Vn. The
average ol the two single-ended input voltages, Vip and Vin,
1s referred to as the common-mode mput voltage, Vicm. That
1s, Vicm=( Vip+Vin)/2. Similarly at the output, the differential
output voltage, Vod, 1s equal to the difference of the voltage at
Vop 942 and the voltage at Von 943. That 1s, Vod=Vop—Von.
While a circuit’s operation can always be analyzed 1n terms of
single-ended voltages and currents, for differential circuits 1t
1s often clearer to describe circuit operation in terms of dif-
ferential and common-mode behavior. Furthermore, 1in dit-
ferential signal chains which may consist of a cascade of
differential circuits, 1t 1s often the case that the signals of
interest are driven and recerved differentially and that any
common-mode characteristics of the signals are 1gnored or
purposetully attenuated. The 1nput signals across inputs 912
and 913 can be an analog voltage of varying amplitude, fre-
quency and phase. The differential input signal causes a cor-
responding differential output signal to be generated at the
output terminals 934, 935. The output signal i1s determined
not only by the input signal but also by the frequency response
of the RC network 920 and the transadmaittance amplifier 930.

The RC network 920 generates a frequency response based
on the capacitors and resistors contained therein. High fre-
quency components of the differential input signal can propa-
gate from 1nput terminals 912, 913 to output terminals 942,
943 via capacitors 922, 923 with minimal attenuation. The
voltage divider network (resistors 924, 926, 927 and 929)
provides attenuation of low frequency signals. For low fre-
quency signals the differential output voltage observed
between terminals Vop 942 and Von 943 1s equal to the ratio of
the sum of resistors 926+927 to the sum of resistors 924+
926+927+929. The precise nature of the frequency response
1s determined by the magnitude of the capacitors and resistors
in the RC network.

The mput signal at inputs 932 and 933 of the transconduc-
tance stage 930 1s proportional to Vip—Vin (shown as dV).
The transadmittance stage 930 may generate a differential
output current 1d, equal to the difference of currents 1p and 1n,
in response to differential input. The differential current 1d
can equal Ym(Ko,s)*dV. The differential current generated
by the transadmittance stage 930 propagates to nodes 902,
903 and, via connections 9352, 953, through the voltage
divider formed by resistors 926 and 927. The transadmaittance
stage 930 has a transier function Ym(Ko, s) that can have an
output that can be designed to have variable gain and phase
over Irequency. Thus, the current 1injected through resistors
926, 927 contribute to the output voltage at terminals 934,
935.

FIG. 10 illustrates a filter 1000 according to another
embodiment of the invention. The circuit in FIG. 10 1s
arranged substantially in the same manner as the circuit of
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FIG. 9, so the arrangement of familiar components will not be
further described. Also shown are optional ac-coupling
capacitors 1018N and 1018P connecting the transadmittance
stage 1030 to the outputs from termination block 1015.
Optional termination block 10135 performs the same function
as termination block 9135 1n FIG. 9.

The RC network 1020 can be substantially the same as
illustrated in F1G. 9. The transadmittance stage 1030 includes
transadmittance amplifier 1035 and multiplier 1037. The cur-
rents generated by the transadmittance stage 1030 propagate
to output nodes 1042 and 1043, and, via connections 1002,
1003, to RC network 1020.

Transadmittance stage 1030 synthesizes transadmittance
conversion of the mput voltage VIPI and VINI applied at
inputs 1032 and 1033, respectively, to a current 1Y(s). The
current IY(s) 1s proportional to the difference between the
iput voltages VIPI and VINI. Control signal Ko 1038 can be
a digital signal or analog signal that dictates the current mul-
tiplication factor, g. The differential currents generated by the
transadmittance stage 1030 can be designed, using an appro-
priate transier function, to have any frequency shape based on
the impedance network Z of transadmittance amplifier 1035.
The transadmaittance stage 1030 alters the transier function
between the differential mput of 1012 and 1013 and the
differential output of 1042 and 1043 by increasing current
through RC network 1020. The differential currents gener-
ated by the transadmittance stage 1030 may be complex cur-
rents having real and imaginary parts, and which may appear
substantially conductive, reactive, or a combination of both.

The transier function of the transadmittance stage 1030,
including transadmittance amplifier 1035 and multiplier
1037, can be represented by Ym(Ko, s) and will output a
current equal to g(Ko, s)*IY(s) 1n response to an input volt-
age. The transadmittance amplifier’s 1035 transfer function
Y(s) can have an output current I1Y(s), which 1s equal to
dV*Y (s), where dV=(VIPI-VINI). Through the action of the
termination block 1012 and selection of intermediate connec-
tion points for transadmittance stage inputs 1032 and 1033,
(which optionally may be ac-coupled to the termination block
through capacitors 1018N and 1018P), dV can be made pro-
portional to the differential input voltage, Vid=Vip-Vin. The
choice of coupling elements 1018N and 1018P realizes this
proportionality over a range of frequencies. The transconduc-
tance stage’s differential input voltage dV can be related back
to the circuit’s differential mnput voltage by, dV=Vid*a(s),
where o(s) represents the frequency variable proportionality
contributed by the termination block 1012 and the coupling
clements 1018N and 1018P. The transadmittance stage 1030
differential output current relative to the circuit’s 1000 dii-
terential input voltage 1s lod=Vid*a(s)*Y (s)*g(Ko, s).

At high frequency, the capacitor 1022 connected to mput
1012 (VIP) 1s a short circuit between output 1042 (Vop) and
iput 1012 (VIP). Stmilarly at high frequency, capacitor 1023
connected to mput 1013 (VIN) 1s a short circuit between
output 1043 (Von) and mput 1013 (VIN). A current 1222
through capacitor 1022 1s dependent on the rate of change of
voltage between output 1042 (Vop) and input 1012 (VIP), 1.¢.,
1222=C222*dv/dt. Similarly, the current 1223 through
capacitor 1023 i1s also dependent on the rate of change of
voltage between output 1043 (Von) and mnput 1013 (VIN) but
for a differential mnput signal i1s opposite 1n polarity, 1.e.,
(—)1223=C223*dv/dt.

The differential current Iod output from the transadmit-
tance stage 1030 can be equal to £g(Ko)*IY(s). The differen-
tial current 1s applied to the RC network circuit at nodes
1002A and 1003A. Node 1002A connects to RC network
1020 and filter circuit output 1042 at node 1002. Node 1003 A
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connects to RC network 1020 and output 1043 at node 1003.
When a differential circuit 1s analyzed 1n terms of the single-
ended currents that flow 1nto or out of a single node, the single
ended currents may be expressed as a sum of the circuit’s
differential and common-mode currents. For example, 1n
FIG. 10 the transconductance stage’s differential output cur-
rent Iod 1s equal to the difference of the single-ended current
flowing out of node 1002A and the single-ended current
flowing into node 1003 A. The single-ended currents can be
written 1n terms of the differential and common-mode cur-
rents, so 1202 A=+Iod/2+Icommon-mode and [203A=-Iod/
2+Icommon-mode, and 1t 1s well understood that these equa-
tions derive directly from the definitions of differential-mode
and common-mode. For differential circuits, the differential
mode operation may be of primary interest for signal transier
and the common-mode voltages or currents incidental quan-
tities that are engineered to provide a stable bias point for
circuit operation. Therefore, for the purpose of analyzing the
signal transfer of a differential circuit as in FIG. 10, the
common-mode voltages or currents are assumed equal to zero
and the single-ended currents (those flowing out of node
1002A and into node 1003 A, for example), are considered
solely as comprised of a differential component, e.g. +Iod/2
and —-lod/2. The differential output current Iod of transadmiut-
tance stage 1030 1s equal to g(Ko)*IY(s) as previously
described and the single-ended output currents 011030 can be
equal to +0.5*g(Ko)*IY (s) and —-0.5*g(Ko)*IY(s), though 1n
many practical implementations these currents will have
common-mode components required for setting a dc-bias
point.

The differential output current through one half of the

voltage divider network 1020 circuit 1s Iod/2, which 1s equal
to [Vd(s)xYm(Ko, s)*0.5], where Vd(s) 1s the differential

voltage between the mnputs 1032 (VIPI) and 1033 (VINI) into
transadmittance stage 1030 and Ym(Ko, s) 1s the transier
function of the transadmittance stage 1030. Although multi-
plier 1037 1s shown multiplying current, it could also multiply
voltage, and gain g(Ko) of the transfer function Ym(Ko, s) can
be a scalar between —1 and +1 and a function of the control
input Ko.

The voltages VAP and VAN are sampled at the outputs
1042 and 1043, respectively. The differential output voltage,
Vod=(V -V 1or), 18 approximately equal to Vod=(1222-
1223+]I0d)*2R), where 2R 1s the resistor values in RC network
1020.

FI1G. 11 1llustrates a transadmaittance stage 1100 according
to an embodiment of the present invention. Transadmittance
stage 1100 may include inputs 1112 and 1113, transistors
11131 and 11134, resistors R1131 and R1134, impedance
clement Z 1135, a bias circuit 1110, and outputs 1142 and
1143. Optionally, the transadmittance stage 1100 can include
additional resistors R1132 and R1133 and transistors 171132
and T1133. Including the optional transistors, the transistors
11131, T1132, T1133 and T1134 can be arranged 1n pairs
T1131-t0-1T1132 and T1133-to-1T1134, the pairs T1131-to-
11132 and T1133-to-T1134 can be connected at the emaitter
through impedance Z 1135. Additional resistors and transis-
tors can be connected to each of the pairs of transistors i
desired.

The output 1142 1s connected to the collector of transistor
11131 (and optional transistor T32), and output 1143 1s con-
nected to the collector of transistor T1133 (and optional tran-
sistor T34). Resistor R1131 1s connected to the input 1132
and the base of transistor T1131 (and optional resistor R1132
1s also connected to the input 1132 and the base of transistor
11132). Similarly, resistor R1134 1s connected to the mput
1133 and the base of transistor T1134 (and optional resistor
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R1133 1s connected to the mput 1133 and the base of transis-
tor T1133). The voltages VIPI and VINI are applied to the
mputs 1132 and 1133, respectively.

As described above, the transadmittance stage 1100 can be
implemented with a single pair of transistors, e.g., T1131 and
11134, to each node OP and ON, or can be implemented with
a number of additional transistors, such as T1132 and T1133
to pair with transistors T1131 and T1134. The additional
transistors merely serve to split the current 1n each path to
outputs OP and ON.

Impedance element Z 1135 may be a resistor, capacitor,
inductor or combination of these elements. The voltage dii-
terence between VIPI and VINI 1s applied across the imped-
ance element Z 1135. As voltages VIPI and VINI fluctuate, a
differential current 1s generated and 1s output toward outputs
ON and OP.

The following 1s an example combining the transadmit-
tance stage of FIG. 11 with the RC network of FI1G. 9. In the
example, voltages VIPI and VINI are applied at the iputs
1132 and 1133 of transadmittance stage 1130 that results a
differential voltage dV (VIPI-VINI) across transistor pairs
131 and T34. The differential voltage dV generates a current
Iz through impedance element Z 1135 that1s equal todV*1/Z.
Alternately, one can describe element Z’s 1135 nature in
terms of 1ts admittance (commonly denoted by the variable Y)
rather than 1ts impedance Z. Since admittance 1s the inverse of
impedance, (that 1s Y=1/7), the current 1z 1s equal to dV*Y.
Ignoring dc-current that set the circuit’s bias point, the current
1p output to node 1102 1s substantially equal to 1p=(dV)*(Ym
(Ko,s)), where Ym(Ko,s) 1s the transfer function of the tran-
sadmittance stage 1130, and current 1n 1s equal to 1p but 1n
opposite direction.

Varying a filter’s frequency response to account for varia-
tion 1n component values 1s referred to as tuning the filter and
1s typically done to provide areproducible transfer function or
range of transier functions despite variation in component
values due to manufacturing and environmental sources. Tun-
ing a filter may also comprise altering the circuit’s transter
function 1n response to a control input. The dotted-line curves
in FIG. 4 and FIG. 3 provide examples of the transfer func-
tions of tuned filters. The shape of the transfer function in
cach case 1s the same, (essentially high-pass), but the fre-
quency location of the circuit’s poles and zeros, (which dic-
tate the breakpoints of the curves), vary in response to a
control input.

The tuming of the filter occurs when the differential current
id=1p—1n generated by the transadmittance stage 1130 15 out-
put to the RC network 920 to combine with the differential
current produced at the input of the RC network 920. The
combination of currents and the impedances of the RC net-
work generate the tuned output voltage that 1s sensed at out-
puts VON and VOP. In more detail with reference to FIG. 9,
when a high frequency analog voltage Vid 1s applied to the
inputs 912, and 913, respectively, a current passes through the
capacitors 922, 923 in the filter. The current (ic122) through
capacitor 922 1s equal to (Vip—Vop)*s*C122. The current
(1R124) through resistor 924 1s equal to (Vip—Vop)*I/R124.
The current 1p added from the transadmittance stage 930
(1130) at node 902, as described above, combines with the
currents 1c122 and 1r124 to produce a current1c122+1r124 +1p.
This current passes through resistors 926 and 927 to produce
avoltage [(1c122+1r124+1p)*(R126+R127)] sensed from out-
put 942 Vop to output 943 Von. Similarly, the return current in
returning to the transadmittance stage 930 (1130) atnode 903,
as described above, combines with the current 1c123 and
current 1r129 to produce a current 1c123+1r129+1n. For dii-
ferential mode operation, these sums of currents are of equal
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magnitude but opposite 1n direction. That 1s, (1c122+1r124+
1p)=—(1c123+1r129+1n). An optional bias current from bias
circuit 1110, shown in FIG. 11, can keep the transistors T1131
to T1134 on 1n the absence of current from 1impedance ele-
ment 7 1135, or at low frequency.

The exemplary embodiment of the transadmittance stage
1130 shown in FIG. 11 1s dependent on the value of Z, which
can be a capacitor, resistor, inductor or combination thereof.
It does not include the effects of control signal Ko. To add
programmability, amixer, (also known as amultiplier), canbe
added directly to the outputs OP, ON. However, a higher
circuit supply voltage would be required, therefore another
embodiment 1s preferable because a lower voltage can be
used.

A folded mixer core, such as that shown 1n FIG. 12 includ-
ing a transadmittance stage can be used to provide a lower
voltage implementation. This circuit 1s a folded mixer includ-
ing the transadmittance stage transfer function Y(s) imple-
mentation of FIG. 10.

The differential output of the transadmuittance stage 1200 1s
still Iod as shown 1n FIGS. 9-11. Recall current Iod 1s the
differential current generated by the transadmittance stage
based on the input signals and the transter function Ym(Ko, s)
as shown 1n FIG. 9. The differential current Iod is set by the
difference between VIPI and VINI, the control signal Ko, and
the transadmittance Ym(Ko,s) of the transadmittance stage.

In the embodiment illustrated in FIG. 12, the collectors of
transistors 11242 and T1243 are connected to the outputs
1242 and 1243, respectively. This configuration 1s different
from that shown 1n FIG. 11. This configuration allows for the
generation ol positive and negative capacitance i the RC
network connected to the nodes 1202 and 1203. This 1s
accomplished by steering controlled fractions of the signal
current created by the impedance element Z 1235 though
inverting (11242, T43) and non-inverting (11241, T1244)
paths to the common outputs 1242 and 1243. I1 all the signal
current 1s steered through the non-inverting path, the transad-
mittance stage 1230 appears to synthesize a transadmaittance,
Y(s), equal to 1/7. If all the signal current 1s steered though
the 1nverting path, the transadmittance stage 1230 appears to
synthesize a transadmittance, Y(s), equal to —1/7. For frac-
tions of signal current split between the mverting and non-
inverting paths, an intermediate value of transadmittance can
be synthesized. It 1s possible to achieve Y(s) 1n the range,
-1/Z2=Y(s)=1/7Z. Furthermore, this circuit behavior can be
modeled as a transadmittance, Y (s)=1/7, multiplied by a vari-
able k, where k assumes a value between -1 and 1, according
to how the currents split between inverting and non-inverting,
paths. (The variable k will be referred to henceforth as the
“multiplication constant” while the fractional split of signal
current between mverting and non-inverting transistor pairs
will be described by a modulation factor, X.)

For the circuit of FIG. 12, the non-inverting path currents
are shown as X*Ip and X*In, while the non-inverting path
currents are shown as (1-X)*Ip and (1-X)*In. Note “In” and
“Ip” are different currents than those labeled “1p” and “in” of
FIG. 9. The current Ip 1s equal to the current in Z, 1235, plus
a bias current supplied by the bias network 1210. The current
In 1s equal to the current from 7, 1235, plus a bias current
supplied by the bias network 1210. The transadmittance
stage’s 1230 differential output current, Iod, 1s equal to the
difference of the currents Ic1241+1c1243-1c1244-1c1242. If,
as 1n an exemplary form of the invention, equal bias currents
are supplied to each pair of transistors 171241, 171242 and
11243, 11244 by bias network 1210, the bias current terms
cancel 1 the previous expression for Iod. In this case, the
differential output current, Iod, 1s related to the modulation

10

15

20

25

30

35

40

45

50

55

60

65

10

index X by the expression: Iod=(2*X-1)*2*1z, where 1z 1s
the current 1n 1impedance 7 element 1235 and modulation
factor X may be set to a value from approximately zero (0) to
approximately 1.

The modulation factor X 1s set by the control signal Ko.
Control signal Ko controls the I_DAC current, which pro-
duces the voltage AV across resistors R1242 and R1243,
thereby setting the modulation factor X. The modulation fac-
tor 1s a well understood parameter that results from a large
signal analysis of the effect of a difference voltage on a
coupled group of transistors. In general the modulation factor
describes the ratio of each collector current to the sum of
emitter currents in a differential pair of transistors. For the
transistor pair 171241 and T1242 shown in FIG. 12 and
neglecting eflfects due to base currents, T1241’°s collector
current 1s X*Ip while T1242’s collector current 1s (1-X)*Ip.
Similarly, T1244’°s collector current 1s X*In while T143s
collector current 1s (1-X)*In. In this representation, X 1s
allowed to vary between O and 1, and the total of collector
currents for each pair 1s constant and equal to the total of
emitter currents. Ic1241+Ic1242=Ip while Ic1243+
Ic1244=In. The collector currents can be written as a function
of the voltage between the transistor bases and the total emut-
ter current. Ignoring base currents, the collector currents in
FIG. 12 may be described by the following equations, where
VT 1s the thermal voltage and 1s equal to the product of
Boltzmann’s constant and the Kelvin temperature divided by
the charge of an electron (VI=kT/q):

[c1241=Ip/(1+exp(-AV/VI))=X*Ip

[c1242=Ip/(1+exp(+AV/VI))=(1-X)*Ip
[c1243=In/(1+exp(+AV/VI)=(1-X)*In

[c1244=In/(1+exp(-AV/VI))=X*In

These equations can be solved for X and the modulation
factor related to the applied difference voltage, AV. Again,
1gnoring base currents:

X=1/(1+exp(-AV/VT))

(1=-X)=1/(1+exp(AV/VT))

As mentioned previously, the voltage AV across resistors
R1242 and R1243 i1s generated by a current based on current
source I_DAC which may be set by the control signal Ko. The
control signal Ko can be a digital signal of arbitrary resolution
or an analog signal. The current through transistors 11241 to
11244 can create a current corresponding to either a negative
or positive impedance at the nodes 1202 and 1203. In com-
bination with the RC network (shown 1n FIGS. 9 and 10) the
current through transistors T1241 to 11244 can produce cur-
rent corresponding to either positive capacitance or negative
capacitance between the mput nodes Vip 1212 and Vin 1213
and the output nodes Vop 1202 and Von 1203.

To tune the transadmittance stage 1230 to provide positive
or negative capacitance, the control signal Ko can be set to
generate an I_DAC that results 1n a AV that properly sets the

amount of current that 1s split between the inner transistor pair
11242, T1243 and the outer transistor pair T1241, T1244.

The current I DAC and resistor R1242 or R1243 create AV
(AV=I_DACxresistance of either R1242 or R1243) that

allows more DC current and signal current to be directed to
either the inside [(1-X)*I] path (T1242,11243) or the outside

| X*I] path (11241, 11244). By changing the polarity of
I_DAC current the base voltages 0111242 and 11243 can be
made greater than the base voltages of 11241 and 11244,
forcing current through the inner transistors 11242 and
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11243 to 1ncrease the amount of anti-phase current to nodes
1202, 1203. This creates a current corresponding to a negative
impedance (—7.). Alternately, a second set of current sources,
IDAC N, may be connected at the bases o1 T1241 and T1244
to pull the bases of T1241 and T1244 lower than the base
voltages of 171242 and T1243, again forcing current through
the mnner transistors 11242 and T1243 and increasing the
amount of anti-phase current to nodes 1202, 1203.

The output current at nodes 1202, 1203 to the RC network
1s Jod=k*Vin*Y(s), where Iod 1s the output current, k 1s a
scalar including contributions from the modulation factor X,
Vin 1s the difference between VIPI and VINI, and Y(s) 1s the
transadmittance stage transfer function. The current Iod 1s
dependent on the impedance 7 element 1235, for example,
when Z=1/(s*C) (where C can be a capacitance of impedance
clement Z 1235 having a predetermined value to provide the
desired tuning to the filter and s 1s the Laplace parameter), the
current Iod 1s equal to k*Vin*s*C. For Z=R (where R equals
a resistor ol 1impedance 7Z element 1235), Iod=k*Vin*1/R:
For Z=L*s (where L can be an inductance of impedance Z
clement 1235 having a predetermined value to provide the
desired tuning to the filter and s 1s the Laplace parameter),
Iod=k*Vin*L*s. The effective admittance Yeil of transadmiut-
tance stage 1230 may be positive or negative according to the
setting of the multiplication factor k, and less than or equal to
the admittance value of impedance element Z1235 depending,
upon the applied current, I_DAC, resistor values R1241,
R1242, R1243 and R1244, and positive values of AV,

The voltage AV between the bases of transistors T1241 and
11242 and between the bases of transistors T1244 and 11243
can be created by any combination of devices. There are many
methods of realizing the voltage AV that will be obvious to
one of ordinary skill in the art. Removing I_ DAC and resistors
R1242 and R1243 and driving the bases 0111242 and T1243
with dc-shifted replicas of the input voltages, VIPI 1232 and
VINI 1233, is one example of other methods.

FI1G. 13 1llustrates another embodiment of fine tuning for a
well-defined DC bias. Transadmittance stage 1330 1s substan-
tially the same as transadmittance stage 1230 of FIG. 12
accordingly additional description 1s not required. This cir-
cuit indicates the setting of the common-mode voltage at the
VIPI and VINI nodes, so when AC coupling 1318P and
1318N to the circuit there 1s a well defined DC operating
point. The AC coupling 1318P and 1318N makes the signal
path (Vin—Von and Vip—Vop) tolerant to DC voltage ofisets
associated with signal input. The operation of the circuit 1s
substantially the same as that explained with respect to FIG.
12.

In combination with FIG. 13, the inputs VIP and VIN can
be sampled at scaled values of the input signals and dc level-
shifted via the ac-coupling capacitors 1318P and 1318N, to
provide an input signal at nodes VIPI and VINI that stays
within the linear operating range of the components of circuit
1300, which accommodates a substantially larger dynamic
and common-mode range of iput signals. Control of the
common mode voltage VIPI/VINI 1s shown by the common
mode control loop 1310, 1310A and 13108, which insures an
optimal common mode bias condition when AC coupled to
circuit inputs or termination RT.

FI1G. 14 1llustrates an exemplary single-ended embodiment
according to the present invention. The filter network 1400
comprises a single-ended transadmittance stage 1430 and,
optionally, a bias circuit 1410. Similar to the differential
embodiments, the single ended embodiment of the transad-
mittance stage 1430 comprises resistor R1431 and transistor
11431 forming a first branch and resistor R1433 and transis-
tor 171434 forming a second branch. Optionally, each branch
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can comprise additional resistors, such as resistors R1432 and
R1433, and additional transistors, such as transistors 171432
and 11433, to provide additional increments of tuning. The
transadmittance stage 1430 also comprises impedance Z ele-
ment 1435. As in the previously described differential con-
figurations, the transadmittance stage 1430 can also have a
control mput Ko (Not Shown) that can control the output
current of the transadmittance stage 1430. The output 1443
can be connected to a filter network.

In the single-ended embodiment, the input voltage VIPI 1s
input into the transadmittance stage 1430 at input 1432 to
apply the input signal to the first branch of the transadmiut-
tance stage 1430 and the second branch of the transadmit-
tance stage 1430 1s connected to ground at terminal 1442. As
in the differential configuration, the voltage difference
between the first branch and the second branch of the tran-
sadmittance stage 1430 1n combination with the value of
impedance Z element 1435 and the value of control mnput Ko
determines the value of the voltage and current output at
output terminal 1443. The bias circuit 1410 functions 1n a
similar manner as the bias circuit in FIG. 11.

Those skilled 1n the art can appreciate from the foregoing,
description that the present invention can be implemented 1n
a variety of forms. Therefore, while the embodiments of this
invention have been described 1n connection with particular
examples thereol, the true scope of the embodiments of the
invention should not be so limited since other modifications
will become apparent to the skilled practitioner upon a study
of the drawings, specification, and following claims.

What 1s claimed 1s:

1. A programmable filter circuit, comprising:

input terminals for recerving differential imnput signals;

output terminals for outputting a filtered signal;

a transadmuittance stage, coupled to the input terminals, that
generates a differential current at an output thereotf based
on the recerved differential input signals, the output of
the transadmittance stage being coupled to the output
terminals; and

a resistive-capacitive network connected to the input ter-
minals including a capacitance respectively coupling the
input terminals to output terminals, and a voltage divider
network coupling the input terminals together, the tran-
sadmittance stage output terminals connected to the
voltage divider, wherein the output terminals of the filter
circuit are coupled to respective intermediate nodes of
the voltage divider network.

2. The filter of claim 1, the transadmittance stage compris-

ng:

at least a pair of transistors;

a first resistance having plural terminals 1n which a first
resistance terminal of the resistance 1s connected to a
base of a first transistor of the pair of transistors and a
second resistance connected to a base of a second tran-
sistor of the pair of transistors; and

an impedance connected between an emitter of a first tran-
sistor of the pair of transistors and an emitter of a second
transistor of the pair of transistors.

3. The filter of claim 2, wherein the impedance has a value
that 1s si1zed to provide an output signal having variable gain
and phase depending upon a frequency of the differential
input signals applied to the input terminals.

4. The filter of claim 2, the transadmittance stage turther
comprising:

a first of the input terminals coupled to a terminal of the first

resistance thereby applying a first differential signal to
the first resistance, and a second of the input terminals
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coupled to a terminal of the second resistance thereby
applying a second differential signal to the second resis-
tance;

a collector of the first transistor connected to a second of
the output terminals and to the collector of the second
transistor; and

a collector of the second transistor connected to a first of
the output terminals and to the collector of the first
transistor.

5. The filter of claim 1, wherein the transadmaittance stage
comprises an input for recerving a control signal that controls
a gain of the differential current.

6. The filter of claim 5, wherein the control signal 1s an
analog signal, and the differential current gain of the transad-
mittance stage 1s a function of the analog signal.

7. The filter of claim 5, wherein the control signal 1s a
digital signal, and the differential current gain of the transad-
mittance stage 1s a function of the digital signal.

8. A programmable filter circuit, comprising:
input terminals for recerving differential input signals;

output terminals for outputting a filtered signal based on
the differential input signals;

a transadmittance stage, coupled to the input terminals, that
generates a differential current based on the recerved
differential input signals that 1s output to output termi-
nals of the transadmittance stage; and

a resistive-capacitive network connected to the mput ter-
minals including a capacitance connected between the
input terminal and the output terminal, and a voltage
divider network, the transadmittance stage output termi-
nals connected to the voltage divider network, taps of
which are connected to the output terminals for contrib-
uting a differential potential to the filtered signal.

9. The filter of claim 8, the transadmittance stage further

comprising;

at least a pair of transistors;

a first resistance having plural terminals in which a first
resistance terminal of the resistance 1s connected to a
base of a first transistor of the pair of transistors and a
second resistance connected to a base of a second tran-
sistor of the pair of transistors; and

an impedance connected between an emitter of a first tran-
sistor of the pair of transistors and an emitter of a second
transistor of the pair of transistors.

10. The filter of claim 8, the transadmittance stage further

comprising;

a first of the input terminals coupled to a terminal of the first
resistance thereby applying a first differential signal to
the first resistance, and a second of the input terminals
coupled to a terminal of the second resistance thereby
applying a second differential signal to the second resis-
tance;
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a collector of the first transistor connected to a second of
the output terminals and to the collector of the second
transistor; and

a collector of the second transistor connected to a first of
the output terminals and to the collector of the first
transistor.

11. The filter of claim 10, wherein the impedance has a
value that 1s s1zed to provide an output signal having variable
gain and phase depending upon the frequency of the ditfer-
ential signals applied to the input terminals.

12. The filter of claim 8, wherein the transadmittance stage
comprises an input for recerving a control signal that controls
differential current gain.

13. The filter of claim 12, wherein the control signal 1s an
analog signal, and the differential current gain of the transad-
mittance stage 1s a function of the analog signal.

14. The filter of claim 12, wherein the control signal 1s a
digital signal, and the differential current gain of the transad-
mittance stage 1s a function of the digital signal.

15. A method of tuning the output of a circuit, comprising;:

sampling differential input voltages;

generating differential currents, by a transadmittance
stage, based on the difference between the differential
input voltages;

applying the differential input voltages to an resistive-
capacitive network thereby generating a current in the
resistive-capacitive network;

inputting the generated differential currents to a node of the
resistive-capacitive network to sum with the current
generated from the differential input voltages; and

outputting at a first resistance 1n the resistive-capacitive
network a first tuned voltage and, at a second resistance
in the resistive-capacitive network, a second tuned volt-
age, wherein the first tuned voltage and the second tuned
voltage are tuned by the generated differential currents.

16. The method of claim 15, wherein the differential input
voltages are sampled from one alternating signal.

17. The method of claim 15, the generating differential
currents comprises:

recerving a control signal that controls differential current
gain of the transadmittance stage.

18. The method of claim 17, the generating differential

currents comprises:

multiplying the differential current generated based on the
difference of the differential input voltages by a multi-
plication factor based on the control signal.

19. The method of claim 17, wherein the received control
signal 1s an analog signal, and the differential current gain of
the transadmittance stage 1s a function of the analog signal.

20. The method of claim 17, wherein the recerved control
signal 1s a digital signal, and the diflerential current gain of
the transadmittance stage 1s a function of the digital signal.
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